Matter-wave interferometry has become an essential tool in studies on the foundations of quantum physics [1] and for precision measurements [2] [3] [4] [5] [6] . Mechanical gratings have played an important role as coherent beamsplitters for atoms [7] , molecules and clusters [8, 9] since the basic diffraction mechanism is the same for all particles. However, polarizable objects may experience van der Waals shifts when they pass the grating walls [10, 11] and the undesired dephasing may prevent interferometry with massive objects [12] . Here we explore how to minimize this perturbation by reducing the thickness of the diffraction mask to its ultimate physical limit, i.e. the thickness of a single atom. We have fabricated diffraction masks in single-layer and bilayer graphene as well as in 1 nm thin carbonaceous biphenyl membrane. We identify conditions to transform an array of single layer graphene nanoribbons into a grating of carbon nanoscrolls. We show that all these ultra-thin nanomasks can be used for high-contrast quantum diffraction of massive molecules. They can be seen as a nanomechanical answer to the question debated by Bohr and Einstein [13] whether a softly suspended double slit would destroy quantum interference. In agreement with Bohr's reasoning we show that quantum coherence prevails even in the limit of atomically thin gratings.
I. INTRODUCTION
The key to all matter-wave interferometry are coherent beamsplitters which divide each incident wave into separated wavelets with well-defined phase relations [2, 14] . While modern atom interferometry often utilizes the momentum recoil of resonant laser light to split the atomic wave [15, 16] , mechanical masks [7, 9] as well as optical phase [17] or absorption [18] gratings can also be used to divide a matter-wave front. Since the universality of mechanical gratings is compromised by the van der Waals (vdW) potential it is important to ask to what extent it is possible to minimize this interaction by reducing the grating thickness. This technological feat -to actually create free-standing nanogratings in even a single layer of atoms [19] -is accompanied by the fundamental question whether the path of a massive particle through the multi-slit array will become significantly entangled with the mechanical motion of the recoiling ultra-thin structure. If this were the case we would expect to observe loss of the interference contrast. * E-mail: markus.arndt@univie.ac.at, Phone: +00 43 1 4277 51210, Fax: +00 43 1 4277 9512
II. RESULTS AND DISCUSSION
Using a focused ion beam we were able to mill a periodic diffraction grating into a single layer of graphene that was suspended over a silicon nitride (SiN x ) membrane (Fig. 1a , see Appendix Sec.IV B for details). The nanoribbons (64 ± 3 nm wide) were written with a period of 88 ± 3 nm (Fig. 1c) . They spontaneously transform into carbon nanoscrolls [20] , here with a diameter down to 8 nm ( Fig. 1b and Appendix Sec.IV B 4). For shorter grating bars scanning transmission electron microscopy (STEM) reveals, however, stable flat single-layer graphene structures (Fig. 1e ). We were also able to write gratings into bilayer graphene suspended across a lacey carbon mesh (Fig. 1f) . The second layer of carbon atoms suppresses the formation of nanoscrolls entirely on the observed scale. Bilayer graphene may also form bonds at open cuts and thus expose closed edges and a thicker wall than expected based on the number of layers alone [21] . We compare these structures finally to an insulating structure of almost identical thickness, the carbonaceous biphenyl membrane [22] (also on lacey carbon, Fig. 1g,) and reference all images to the diffraction of molecules at 45 nm thick silicon nitride (Fig. 1h) [23] . Figure 1 demonstrates that stable structures can be written even into atomically thin membranes. The diffraction pattern behind a purely absorptive periodic mask -i.e. without any phase modulation can be described as the convolution of two contributions: the diffraction at each single slit of width s and the diffraction at an array of infinitely Fig. 2(a) -(e), we see immediately vast differences in the diffraction at geometrically similar gratings. For 45 nm thick silicon nitride (Fig. 2a) we observe interference up to the 9th diffraction order, which can only be understood if we complement the quantum wave model by the assumption that the position-dependent phases accumulated in the presence of vdW forces alter the effective transmission function. Approximating this interaction by reducing the effective slit width [10] (see Appendix Sec.IV D 2) allows us to estimate the strength of the vdW interactions. For silicon nitride the analysis yields an effective slit width of 15 nm -a reduction of the open width by s/s eff = 3.3. This influence is strongly reduced for the single-layer graphene grating, the probably thinnest conceivable grating (Fig. 2e , s/s eff = 1.7). As expected this leads to a strong suppression of all diffraction orders beyond the first one. This holds true -and even more so -for gratings made from nanoscrolls (s/s eff = 1.3), which maximize the opening fraction, i.e. the ratio of slit width to period. In contrast to that, the diffraction pattern both behind the carbonaceous biphenyl membrane (s/s eff = 1.9) and the bilayer graphene (s/s eff = 2.2) show substantial populations up to the fifth diffraction order. This indicates a stronger influence of the attractive van der Waals force. While the carbonaceous biphenyl membrane should be an insulator, the bilayer sample is conducting. However, both imprint similar phase shifts onto the transmitted molecules. We attribute the remaining van der Waals forces in particular also to the lacey carbon support structure which is thicker (up to 100 nm) and spatially less well controlled than the SiN x support of the other ultra-thin gratings. The central result of our diffraction experiments is the observation of high-contrast interference for all gratings, where the contrast reaches its maximum when the interference minima approach the zero (background) level. It is the absence of signal in these minima which contradicts any classical expectation the most. Our result relates to a thought experiment between Bohr and Einstein who elucidated the role of decoherence in double slit diffraction [13] . Einstein predicted that the observer should be capable of extracting which-path information from the recoil that the double slit receives upon diffraction of a particle (Fig. 3) . Invoking Heisenberg's uncertainty relation, Bohr was able to demonstrate, however, that the recoil imparted by the diffracted particles remains within the momentum uncertainty of the grating if this is well positioned.
Different recent studies have realized the probably smallest double slits and analogs to this Einstein-Bohr debate using diatomic molecules as the diffraction elements in a photoionization process [24] [25] [26] . They were destroyed in the diffraction process and therefore were capable of car- rying away path information. Our carbon nanostructures are probably the thinnest durable realization of the BohrEinstein idea. These atomically thin membranes are flexible but they last for months and survive the diffraction of millions of molecules. The observed full contrast shows that coherence prevails, which we interpret as an indication that the momentum exchange with the grating remains within the intrinsic momentum uncertainty of the grating bars (see Appendix IV A) [13] . Hence, diffraction does not lead to a loss of fringe visibility even though it can cause a sizable matter-wave (vdW) phase shift. Graphene gratings are ten times thinner than any other beamsplitter for atoms, molecules or clusters before and they are four orders of magnitude thinner than the width of a typical laser grating [12] . Our results on single-layer graphene are the best approach with regard to the diffraction of high-mass molecules at nanomechanical gratings, since they show that the effect of molecule-surface interactions can be substantially reduced, even though they do not eliminate them entirely. This property makes graphene nanogratings also appealing for use with other kinds of matter-waves. The reduced phase components may enable new coherence experiments with slow ions or anti-matter [27] . It will also be interesting to explore atomically thin but insulating 2D sheets like boron nitride or molybdenum disulfide, in the future. Even though van der Waals forces in thick gratings can be prohibitive for high-mass diffraction, they can also serve a purpose in metrology: our experiments show that a thick material grating (SiN x , Fig. 2a ) can act as a large momentum transfer beamsplitter. If we were to calibrate the momentum exchange between the extreme diffraction orders (±9th order for d = 100 nm) in units of the photon momentum ( k Rb ) that is usually imparted in state-of-the-art beamsplitters [15, 16] for (rubidium) atoms, we see that the diffraction at our nanogratings amounts to ∆p = 141 k Rb . Photolithography can reliably provide thick gratings with a periodicity of better than 0.1 nm over large areas [12] . Stable thick membranes with narrow slits are predicted to provide a momentum transfer even beyond 500 k Rb .
III. CONCLUSION
Finally, our work shows that path-decoherence close to material gratings is still negligible in all settings discussed here. This applies in particular for the BohrEinstein Gedankenexperiment. Even the conceivably thinnest durable mechanical grating is still sufficiently Figure 3 . A nanomechanical implementation of the Bohr-Einstein debate: Can atomically thin gratings be compatible with highcontrast interference? A sketch of the diffraction setup using ultra-thin gratings is depicted on the left, corresponding to Bohr's double slit thought experiment on the right [13] . In analogy to a debate between Bohr and Einstein we ask: Can a flexible suspension of the mechanical mount encode which-path information of particles in transition through the double slit? massive and sufficiently localized not to encode sizable recoil-information. The intrinsic momentum uncertainty of each grating bar is larger than the recoil imparted on each diffracted molecule (see Appendix IV A). This holds for all particles, independent of their mass, as long as we can keep their de Broglie wave-length, i.e. their momentum, the same. For instance, quantum diffraction of insulin molecules seems conceivable once we can provide a directed molecular beam of about 20 m/s velocity. Finally, it will also be intriguing to explore the role of quantum friction and path-decoherence [28, 29] which may become particularly relevant for polar molecules in the future.
Coherent diffraction of a matter-wave is possible as long as the momentum transferred by the particle to the grating is within the momentum uncertainty of the grating itself.
In diffraction experiments at a single slit, the relationship ∆x · ∆p diff ≥ 0.89h holds [30] , when ∆x = s designates the width of the single slit and ∆p diff the full width at half maximum (FWHM) of the diffraction curve. The momentum uncertainty ∆p diff ≥ 0.89h/s is the FWHM of the envelope to all diffraction orders of the grating. This momentum is transferred to the grating, which itself is described by the uncertainty relationship ∆x · ∆p grat ≥ /2. To estimate ∆p within the plane of the grating we need an independent measure of its position and movement at room temperature. For a freely suspended single-layer graphene ribbon (length × width = 2.8 × 0.3 − 0.5 µm) clamped on both sides capacity measurements by Garcia-Sanchez et al. [31] allowed them to estimate an out-of-plane vibration amplitude of σ 0.1 nm. The vibration amplitude of shorter ribbons and in particular of in-plane modes are expected to be even smaller -due to their large widthto-thickness ratio. The value of 0.1 nm therefore constitutes an upper boundary for the in-plane vibration amplitude for this system. The largest amplitudes for in-plane vibrations are expected for the nanoscrolls grating because of the (nearly) rotational symmetry of the scrolls. Their vibrational properties might be inferred from the results for carbon nanotubes. Here, the maximum displacement of a doubly clamped single-walled carbon nanotube due to thermal fluctuations is given as [32] :
where L is the length of the nanotube, Y = 1 TPa is the Young's modulus, here taken to be the value of a single wall carbon nanotubes, and I = π · d 4 /64 is the area moment of inertia, with d the scroll diameter. For the geometry of our nanoscroll bars (L = 1.34 µm, d = 8 nm, T = 300 K) this yields the thermal oscillation amplitude σ = 0.5 nm. Inserting this into Heisenberg's uncertainty relation, we can derive a minimal slit width that is still compatible with the observation of coherent matter-wave diffraction, for which ∆p grat > ∆p diff holds:
This amounts to s > 5.6 nm for our nanoscrolls. Such closely spaced nanoscrolls cannot be grown from cutting extended nanoribbons, since these ribbons define their minimal separation. In the future experiment it may become possible to tailor an array of single-wall carbon nanotubes by advanced nanomechanical manipulation techniques. But although it is conceivable to place them as close as 5 nm, the inter-tube forces will attract the tubes to each other and prevent the formation of a stable grating. It thus seems that for foreseeable future practical nanogratings the momentum recoil will remain within the quantum uncertainty.
B. Properties of the diffraction gratings
Nanofabrication and characterization of the diffraction gratings
All diffraction gratings were milled with a focused ion beam (Raith ionline FIB) of 35 keV Ga + ions [33] [34] [35] into the freestanding membranes. Spots with homogeneous membranes were first identified using scanning electron microscopy (SEM, JEOL 6700, or Raith 150 ebeam writer, used as SEM). After the writing process all conducting gratings (single and bilayer graphene and the nanoscroll grating) were investigated with transmission electron microscopy (TEM, Delong Instruments LVEM5) or scanning transmission electron microscopy (STEM, Nion UltraSTEM 100). The STEM was operated at 60 kV with a medium angle annular dark field (MAADF) detector. This inspection is needed to ensure the presence of a clean binary diffraction grating, rather than a patterned heterostructure which may form in single-layer graphene at low ion doses [36] . The gratings fabricated from insulating membranes (carbonaceous biphenyl membrane and silicon nitride membrane) were investigated either with environmental scanning electron microscopy (ESEM, FEI Quanta 200) or electron energy loss spectrometry (EELS, FEI TEC-NAI F20) to determine the parameter of the gratings. All gratings maintained their structure and diffraction properties over time. Virtually identical interferograms can be recorded after storing the gratings for several months in air. Some ambiguity in the local thickness of all gratings remains since even though we can confirm the predicted structure and thickness. As for instance shown for singlelayer graphene in Fig. 1d , residual atomic and molecular contaminations on the membranes cannot be excluded, as shown in the right lower corner of the same figure.
In the following the beam parameters for milling of the ultra-thin gratings are given. The dose of the FIB is given in pC/cm instead of pC/cm 2 . Since we were writing single lines the dose is given along the line direction. Also the step size refers to this direction. The width is defined by the thickness of the beam, which is about 20 − 30 nm.
Carbonaceous biphenyl membrane
The carbonaceous biphenyl membrane [22] is deposited on a copper TEM mesh (Plano S147 − 3) with an additional layer of lacey carbon for stabilization. To mill the grating we used a dose of 12.7 nC/cm with a dwell time of 0.932 ms, a current of 2.75 pA and a step size of 2 nm. The overall size of the grating in the diffraction experiments is 9.9×5.2 µm 2 . The grating has a periodicity of 107±9 nm, and the grating bars are 54 ± 4 nm wide and 977 ± 10 nm long. From the mean width of the slits of 52 ± 8 nm we determine the opening fraction to be 49 ± 8%. The error bar on the slit width, here and for all other gratings, is the 1σ standard deviation which was derived from about 100 individual measurements at different locations of each membrane.
Single layer graphene
The diffraction gratings were written into single-layer graphene (Ted Pella Inc., Redding/CA 21712 − 5 PELCO) which was freely suspended over circular holes in a silicon nitride (SiN x ) membrane. Each slit was manufactured by milling two adjacent lines separated by 20 nm into the membrane. For each line the gallium ion beam was set to a current of 7.1 pA with a dose of 3 nC/cm, a step size of 1 nm and a dwell time of 0.0421 ms. The grating region has an extension of 7 × 8 holes of the support structure, resulting in a size of 30 × 30 µm 2 . The grating has a periodicity of 101 ± 2 nm. The bars have a mean width of 41 ± 6 nm and are separated by 59 ± 6 nm wide slits, resulting in an opening fraction of 58±6%. The length of the grating bars is 247 ± 8 nm. As several lines of grating are written on top of each other we have another grating perpendicular to the first one. The periodicity of this second grating is 343 ± 10 nm. Diffraction at this grating parallel to gravity can in principle lead to a stronger mixing of the velocities. However, the periodicity of 343 nm is too large to result in a visible effect at the detector.
A grating of carbon nanoscrolls self-organized from graphene nanoribbons
For this grating we used the same material as for the single layer graphene grating. The dwell time for FIB milling was 0.232 ms, the current 6.17 pA at a step size of 2 nm and a dose of 7.15 nC/cm. The grating region used for the diffraction experiments extends over 5.5 × 18 holes of the silicon nitride support structure which corresponds to an overall size of 24 × 73 µm 2 . From parts of the grating which are not rolled up we determined the parameter of the original grating. The bars are 64 ± 3 nm wide, have a length of 1.336 ± 3 µm and are separated by 23 ± 4 nm wide slits. The periodicity determined is 87 ± 5 nm and the opening fraction is 26 ± 6%. As expected, the curling does not alter the periodicity in the middle of the grating (88 ± 3 nm), but increases the opening fraction by almost a factor of 3 to 74 ± 8%. The minimum diameter observed in this region is around 8 nm. Foldings in the membrane as well as contaminations (see Fig. 4 ) can disturb this process and lead to a mean width of the grating bars of 23 ± 7 nm.
Silicon nitride grating
The SiN x grating has an overall size of 3.3 × 97 µm 2 . The grating bars are 50 ± 2 nm wide and 956 ± 5 nm long. From the periodicity of 105 ± 1 nm the mean width of the slits results to be 55 ± 2 nm, and the resulting opening fracture is 48 ± 3%.
Bilayer graphene grating on lacey carbon
For this sample we used a bilayer graphene sample deposited on a lacey carbon film suspended across a copper TEM mesh (PELCO R 2-layer Graphene TEM Support Films on Lacey Carbon, 300 Mesh Copper Grids). The parameters during the milling process were as follows: current 6.03 pA, step size 2 nm, dwell time 0.414 ms and a dose of 12.5 nC/cm. The resulting grating has a size of 19.5 × 5.5 µm 2 and consists of grating bars which are 827 ± 3 nm long and 49 ± 8 nm wide. From the width of the slits (63 ± 7 nm) and the periodicity of the grating of 112 ± 2 nm, the opening fraction was determined to be 56 ± 7%. For comparison we state the masses of the molecule and a single bar of the diffraction gratings in Table I .
C. Closing fractures in the ultra-thin membranes
Gratings in ultra-thin membranes may have some defects. These membranes are seldom closed over large areas and may break due to mechanical stress. The resulting fractures in the membrane complicate the analysis of the recorded interferograms as the additional transmission through these holes leads to an artificial enhancement of the zeroth order diffraction peak. We applied FIB also as a method to close these holes even after the grating has been milled, keeping the gratings intact. It allows us to deposit silicon oxide (SiO x ) at the fracture. Figure 5 shows a single layer graphene grating before (a) and after (b) the treatment. With this method a hole of 3 × 3 µm 2 can be closed within 4 minutes, which allows manufacturing gratings of higher quality and larger size than before.
D. Diffraction experiment
The diffraction experiment is similar to an earlier setup [23] . In short, it starts with a 60 mW continuous laser beam at 421 nm, which is focused by a 50× objective onto the inside of a vacuum window that was coated with phthalocyanine molecules ( PcH 2 , m = 514 atomic mass units, static polarizability [37] α = 4πε 0 × (135.7/139.9/27.5)Å
3 ). The tight laser focus of 1.5 µm defines a transverse coherence angle of 3 µrad for molecules traveling at 260 m/s. They fly about 1.55 m to the diffraction grating and another 0.6 m to the detector quartz window downstream. The quantum nature of the diffraction is revealed by analyzing the position distribution of the arriving particles, which we image using laser-induced fluorescence microscopy. Figure 2 Figure 2 in the main text shows the observed diffraction patterns of PcH 2 behind all ultra-thin membranes. We start the analysis by assuming a Maxwell-Boltzmann velocity distribution of the molecular beam. Molecules with different velocities v have different de Broglie wavelengths λ dB = h/mv, with Planck's constant h and the atomic mass m. After two meters of free flight in our vacuum chamber fast molecules land at a higher and slow molecules at a lower screen position. This and the diffraction formula n · λ dB = d · sin(θ) allows calculating the molecular velocity from the position of its interference peaks relative to the zeroth order (see Sec. IV E).
Analysis of the diffraction images in

Quantifying the molecule-surface interaction
Since a full van der Waals description is beyond the scope of this publication, we account for the impact of the molecule-wall interaction by using a reduced effective slit width in the simulation of the interferograms [10, [38] [39] [40] . Although this simplification cannot give a full description of all observed phenomena, it allows comparing the different gratings. We use a numerical evaluation of the Fresnel- Kirchhoff integral to compute our interference patterns:
Here I is the observed intensity at a certain position x at the screen, N is the number of coherently illuminated grating slits, s is the width of each grating slit, k is the wave vector for molecules with the velocity v, and x is the coordinate at the grating. The coherence width is determined by the van Cittert-Zernike theorem [41] and two experimentally determined parameters, i.e. the source width as well as the distance between the source and the grating. In Fig. 6 we compare the results of our experiments (top row, same as Figure 2 bottom row) with simulations that either take the measured geometrical open slit width (middle row) or an effective slit width s eff (bottom row) into account. Reducing the slit width mimics the effect of the van der Waals interactions since both lead to a population of higher diffraction orders. Close to the grating bars, the van der Waals forces can actually become strong enough to deflect the molecules beyond the detector area.
The influence of molecular adsorption
We collect about 20 000 to 30 000 molecules per diffraction image. Since the opening fraction of the gratings is about 50%, at most the same amount of molecules can stick to the grating. For the single layer graphene sample an open surface area of 49 µm 2 was illuminated which leads to a maximal deposition density of 6×10 10 molecules per cm 2 . This corresponds to 0.1% of the grating surface. Hence, the surface contamination by the investigated molecules can be neglected. In order to minimize the potential partial coverage by molecules of the residual gas, such as nitrogen or water, we kept the gratings in the high vacuum at p < 10 −7 mbar for two weeks before recoding the diffraction images.
E. Testing de Broglie's relation in the gravitational field
The original pictures recorded with a CCD camera (Andor iXon EMCCD DV8285 BV) have a size of 1003×1004 pixels. They were background-corrected by recording an image under identical illumination conditions before the deposition of the molecules and by subtracting this image from the interference pattern. As the vertical position of the grating differs slightly between the experiments the absolute position of the interferograms varies also on the detector. Hence, the images in Figure 2 were shifted and clipped such that they all have the same velocity scale. To determine the velocity, the original images were vertically divided into 20 stripes. For each of these stripes the velocity was fitted separately. Since the position of the maxima has an uncertainty, so does the experimentally determined velocity at a given height. This is why the data (velocity vs. relative height on the detector) were fitted with the following function to determine the final velocity,
Where g = 9.81 m/s 2 is the gravitational acceleration, L = 2140 mm is the distance between the source and the detection window and L 1 = 1554 mm is the distance between the source and the grating. The variable y describes the (unknown but fixed) vertical position of the source (y 0 ) and the grating (y 1 ) as well as the (observed and velocitydependent) position of the molecules on the detection window (y 2 ). The result of this fit is shown in Figure 7 for the Figure 6 . Upper row: experimental interference curves, traces as in Figure 2 . Middle row: Simulation of the interferograms assuming the geometrical slit width. Bottom row: Simulations of the interferograms using an effective slit width that approximates both the amplitude distribution and the number of higher diffraction orders in the experiment. Due to possible scattering, diffusion and vibrations at the detector we convolute the diffraction patterns here with a Gaussian curve with a width of (σ = 3.5 µm) [23] . Here we see that the experimental data can be approximated by Kirchhoff-Fresnel diffraction theory if we account for the van der Waals forces [10] : (a) geometrical slit width s = 50 ± 2 nm, effective slit width seff = 15 nm, (b) s = 65 ± 6 nm, seff = 49 nm, (c) s = 544 nm, seff = 28 nm, (d) s = 62 ± 8 nm, seff = 28 nm, (e) s = 59 ± 6 nm, seff = 35 nm. were vertically stretched by 30% for legibility, without any influence on the velocity or color scaling. The color scale bar was also optimized for maximum legibility of the interferograms: black and white correspond to the extremes of 0 and 100% intensity, while the center of the red (yellow) color corresponds to a relative value of 60%. The full color map is given in Table II. Table II 
